Electric field effects on the states of a donor impurity in rectangular cross-section vacuum/GaAs/vacuum quantum-well wires
Theoretical modeling of the photoluminescence spectra associated with free-carrier to acceptor-impurity recombination in quantum-size GaAs wire crystals A theoretical study of the photoluminescence spectra associated with free-carrier to acceptor-impurity recombination in quantum-size GaAs wire crystals is presented. We model the actual GaAs quantum wires via GaAs low-dimensional systems with finite cylindrical shape and hard-wall boundaries. The acceptor states are described within a variational scheme in the effective-mass approximation. The photoluminescence spectra associated with free carriers recombining with acceptor states are calculated for a homogeneous distribution of acceptor impurities within the low-dimensional heterostructure. We found that for a system whose length is comparable to the radius the photoluminescence line shape shows three structures associated with impurities located at special regions in the heterostructure, whereas for a system whose length is much larger than the radius we obtain two well-defined peaks, associated with acceptors either at the center position or the edge position in the low-dimensional system. Both the peak positions and relative intensities are in good agreement with spectral features present in experimental data on GaAs quantum-wire microcrystals. © 1998 American Institute of Physics.
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A key factor in the understanding of the properties of low-dimensional semiconductor heterostructures is an appropriate description of both the electronic states, and the donor or acceptor states, when impurities are present in the semiconducting heterostructure. Because of potential device applications of heterostructures, the physical nature of impurity states associated with semiconducting heterostructures is a subject of considerable technical and scientific relevance. Photoluminescence ͑PL͒ experiments have been very useful in probing impurity states in semiconducting heterostructures. Miller et al. 1 have observed extrinsic PL from GaAs quantum wells ͑QW's͒. They show that for QW samples doped with ͓Be͔ϳ10 17 cm
Ϫ3
, the system exhibits extrinsic and intrinsic luminescence comparable in intensity. The extrinsic luminescence is due to the recombination of electrons with neutral acceptors in the QW, and the dependence on the QW size of the extrinsic acceptor features in the PL spectra were theoretically explained by Oliveira and López-Gondar. 2 Liu et al. 3 have studied the PL of Si-doped multiple GaAs/Al x Ga 1Ϫx As QW samples, and observed a donorimpurity-associated feature below the ground-state heavyhole exciton, which they attributed to transitions between Si donors at the centers of the wells and heavy holes in the topmost valence-band confinement states, a result which was in agreement with the theoretical PL line shape calculated by Oliveira and Mahan. 4 Recently, Hiruma et al. 5 have performed the optical characterization of nominally undoped GaAs quantum-wire microcrystals grown by organometallic vapor-phase epitaxy. A typical microcrystal ͑1-5 m in length͒ would have a hexagonal-like cross section, which would decrease in a stepped fashion, and with a diameter of about 200 nm at the base and 10 nm at the peak. In their work, spectral features dominated by free-carrier to acceptor-impurity recombination have clearly appeared in the PL measurements. They have assigned the impurity features to the presence of carbon acceptors in the wire microcrystals. In order to interpret the work by Hiruma et al., 5 Oliveira et al. 6 have performed the theoretical description for the acceptor-related PL spectra for an infinite homogeneously doped cylindrical GaAs quantumwell wire ͑QWW͒, with results found in good agreement in energy with two of the impurity features of the experimental spectrum. The relative intensities of the two theoretical peaks, however, are in poor agreement with the experimental results. We believe that this would most probably be due to the finite length of the actual microcrystals, and therefore, a better modeling of the heterostructure should consider a finite-length cylindrical heterostructure, which is the purpose of the present investigation. In this work, therefore, we calculated the theoretical PL spectra for a cylindrical finitelength GaAs heterostructure, associated with transitions between the nϭ1 and lϭ0 lower conduction-state electron gas and the acceptor-impurity band. We use a variational procedure and work in the infinite-confinement potential and effective-mass approximations.
The Hamiltonian of a shallow hydrogenic acceptor in a cylindrical finite-length GaAs heterostructure may be written in the effective-mass approximation as
where ⑀ is the static dielectric constant, e is the electron charge, V(,z) is the barrier potential which is taken as zero inside the heterostructure, i.e., for ͉z i ͉рL/2 with i рR ͑L and R are the length and the radius of the heterostructure, respectively͒, and infinite otherwise. The vectors ( i ,z i ) and (,z) define the impurity and the carrier position, respectively, with respect to reference-frame axes located at the center of the heterostructure. Notice that in calculating acceptor states we use an average spherical 2,7 effective mass m*ϭm *ϭ0.30 m 0 ͑where m 0 is the free electron mass͒, which would correspond to the experimental 1 Ry*ϭ26 meV binding energy for the shallow acceptor in bulk GaAs, although a more realistic description should certainly consider the effects of the coupling of the top four valence bands. 8 We assume a homogeneous distribution of impurities inside the heterostructure and one may then obtain the total transition probability per unit of time 9 by essentially summing the contributions from transitions involving all impurities 6 inside the heterostructure. Also, we followed Latgé and Oliveira 10 and Fraizzoli et al., 11 and introduced a phenomenological width ⌫ϭ0.7 meV by replacing the ␦-function ␦(E f ϪE i ϩប) by a Lorentzian function in the evaluation of the transition probability. The binding energies of shallow acceptor impurities in a cylindrical GaAs heterostructure are presented in Fig. 1 as functions both of the z i impurity position along the axial direction of the heterostructure and of the i radial impurity position. The dimensions of the heterostructure that we consider are Lϭ3000 nm in length and Rϭ100 nm in radius. ͑These values of R and L would essentially correspond to typical values of the dimensions of the cross section and length, respectively, of the experimental quantum wires grown by Hiruma et al. 5 ͒ From Fig. 1 , it is clear that for an homogeneously acceptor-doped cylindrical heterostructure with LӷR, most of the acceptors would have binding energies of the order of 1Ry*ϭ26 meV, except for acceptors located very near the cylindrical lateral surface ( i ХR) or near the top or bottom end faces (z i ХϮL/2), for which cases the acceptors' binding energies would be of the order of Ry*/4ϭ6.5 meV, as expected. Therefore, one would think that the acceptor-related photoluminescence spectra for GaAs finite-length (LӷR) cylindrical heterostructures would essentially exhibit two acceptor-related structures: one ͑with a large oscillator strength͒ associated to ''on-center'' bulklike acceptors, and a second structure ͑with a much smaller oscillator strength͒ associated to ''on-edge'' acceptors near the lateral, top, and bottom cylindrical surfaces. Moreover, the two structures would be separated by an energy difference of the order of 19.5 meV, which is the corresponding difference in binding energies for acceptors at the ''on-center'' and ''on-edge'' positions. Notice that this is precisely the qualitative behavior of the experimental acceptor-related PL spectrum obtained by Hiruma et al. 5 for GaAs quantum-wire microcrystals. A proper quantitative comparison between our results and the Hiruma et al. data 5 is presented in Fig. 2 , in which the theoretical acceptorrelated PL spectra for different dimensions of the cylindrical finite-length GaAs heterostructure are displayed. Figure 2͑a͒ corresponds to the calculation with Lϭ3000 nm and R ϭ100 nm, the dashed line is the experimental work by Hiruma et al. 5 for quantum-wire microcrystals, whereas curves 1 and 2 in Fig. 2͑b͒ correspond to a heterostructure geometry of length Lϭ100 nm and radii Rϭ60 and 100 nm, respectively. For the heterostructure with Lϭ3000 nm and Rϭ100 nm ͓cf. Fig. 2͑a͔͒ , one notes that the calculated acceptor-related PL line shape presents two peaks: one at 830.7 nm, which is associated with electron transitions to final ''on-center'' acceptor states of the cylindrical finitelength GaAs heterostructure; and another at 820.1 nm, which is related to transitions to final ''on-edge'' impurity states. Both the positions and relative intensities of the theoretical peaks are in better agreement with the experimental results by Hiruma et al. 5 than previous 6 theoretical work in infinitelength cylindrical GaAs QWW. One should point out that the third experimental peak located at 818.2 nm is due to freeexciton recombination, 5 and obviously not accounted for in our model calculation. Also, the small theoretical peaks ͓curves 1 and 2 in Fig. 2͑b͔͒ around 817-818 nm are associated with transitions to final acceptor states at ͉z i ͉ϭL/2 and i ϭR, and appear whenever the system has length comparable to the radius ͑for systems whose length is much larger than the radius, the weight of this additional peak is negligible͒. Of course, their experimental observation would be overshadowed by the excitonic structure in the measured spectra. We want to emphasize that our theoretical results demonstrate unambiguously that the experimental peak at 819.7 nm corresponds to transitions to ''on-edge'' acceptor ͓cf. theoretical peak, in Fig. 2͑a͒ , at 820.1 nm͔, although Hiruma et al. 5 have claimed that this peak was due to neutral acceptor-bound exciton recombination. Notice that the system we consider is a cylindrical finite-length GaAs heterostructure, and we have assumed a homogeneous distribution of acceptors in the heterostructure, although a comparison of our theoretical line shape ͑cf. Fig. 2͒ with the experimental data would suggest a larger proportion of acceptors near the ''on-edge'' positions of the heterostructure, a result already observed in GaAs-͑Ga, Al͒As QW's by Meynadier et al. 12 Also, it is clear that the experimental PL spectrum ͑for microcrystals with a hexagonal-like cross section decreasing in a stepped fashion͒ has a broad ''on-center'' acceptor peak, which is consistent with an appropriate convolution of features characteristic of each theoretical ͑for systems with cylindrical shape͒ PL spectrum associated with different heterostructure's radii and lengths.
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